We present subarcminute-resolution (B10A), highÈdynamic range radio observations of TychoÏs supernova remnant (3C 10) at j \ 20 cm and j \ 90 cm with the Very Large Array (VLA). The thermal-noiseÈlimited 90 cm image has been compensated properly for the noncoplanar characteristics of the VLA and is the most sensitive low-frequency image of this source presently available. We use these images to search for spatial variations in the continuum radio spectral index within the remnant. Such spatial variations should be related to the electron acceleration processes associated with the evolution of the blast wave. We have also utilized, for the Ðrst time in an analysis of a supernova remnant, spectral tomography to search for localized regions within which the spectral index is di †erent from the surroundings. We have identiÐed 13 Ðlaments, ranging in size from B40A to B260A, embedded in a smoother, background component. The average spectral index of the Ðlaments (SaT \ [0.52^0.02) is consistent with that of the background component (SaT \ [0.500^0.007). However, the Ðlaments in the outer rim show a trend such that brighter Ðlaments have a Ñatter spectral index. This trend may be due to either supernova remnant (SNR) blast waveÈambient medium interactions or internal inhomogeneities of the magnetic Ðeld within the remnant. These hypotheses could be tested by an image at comparable resolution and Ðdelity at a third frequency.
INTRODUCTION
A new star observed by Tycho Brahe (1573) is now identi-Ðed as a supernova whose remnant (SNR) is 3C 10 (SN 1572, Tycho SNR, SNR 120.1]1.4 ; Lozinskaya 1992 and references therein). The explosion itself was mostly likely a Type Ia supernova, and the remnant seems to be moving into the Sedov adiabatic phase of evolution with an average expansion rate of approximately 0.1% yr~1 (e.g., Strom et al. 1982 ; Tan & Gull 1985 ; Reynoso et al. 1997) . The distance to 3C 10 is approximately 3 kpc, placing it on the near side of the Perseus arm (Lozinskaya 1992) . At both radio (e.g., Reynoso et al. 1997 ) and X-ray (e.g., Hwang & Gotthelf 1997) wavelengths, 3C 10 has a limb-brightened shell morphology with a diameter of approximately 8@ (7 pc at a distance of 3 kpc), within which the magnetic Ðeld is primarily radial.
Supernova remnants are thought to be the primary sites at which Galactic cosmic rays are accelerated, with the acceleration process probably being Ðrst-or second-order Fermi acceleration (Jones et al. 1998 and references therein). X-ray and gamma-ray observations of various remnants (e.g., SN 1006 and IC 443) have indeed been able to identify localized regions whose nonthermal spectra are consistent 1 NRL-NRC Research Associate. 2 Present address : US Navy, Kesselring Atomic Power Laboratory, Scotia, NY 12302.
with ongoing shock acceleration (e.g., Koyama et al. 1995 ; Keohane et al. 1997 ; Tanimori et al. 1998 ). However, X-ray and gamma-ray observations typically have poor angular resolution (greater than 1@) and low sensitivity, so that only the most efficient regions of particle acceleration can be identiÐed. In contrast, high-resolution, highÈdynamic range, multiwavelength radio observations can search for regions of less intense particle acceleration as well as probe for spatial variations within a remnant (e.g., for a summary). Changes either in the strength of the acceleration process or between processes can reveal themselves through the slope of the radio spectrum, primarily through the spectral index a (S l P la). As a nearby and relatively large SNR, 3C 10 o †ers an excellent laboratory in which to probe for spatial variations in the acceleration process. However, only a few highresolution, multiwavelength observations of 3C 10 have been conducted, and the results are inconclusive. Klein et al. (1979) found no evidence for signiÐcant spatial variation of the spectral index across 3C 10. Duin & Strom (1975) found signiÐcant steepening of the spectrum near the center of the source. Roger, Bridle, & Costain (1973) concluded that the spectrum was comprised of two components. Vinyaikin et al. (1987) placed limits on the relative strengths of these components. Table 1 summarizes previous observations. This paper reports matched, high-resolution j \ 20 cm and j \ 90 cm observations of 3C 10, from which we deter-Report Documentation Page Public reporting burden for the collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to a penalty for failing to comply with a collection of information if it does not display a currently valid OMB control number. a This is only for the small-scale features (less than 3@) which are mainly in the outer regions ; working at 1@ resolution, these authors Ðnd that the spectral index on large scales is steeper (a \ [1.0) toward the center.
REFERENCES.È(1) Braude et al. 1970 ;  (2) Kundu & Velusamy 1971 ;  (3) Roger et al. 1973 ; (4) Duin & Strom 1975 ; (5) Klein et al. 1979 ; (6) Vinyaikin et al. 1987. mine the spatial distribution of the spectral index across the remnant. In°2 we describe the observations, in°3 we discuss the determination of the spectral index as a function of position within the remnant, in°4 we discuss the implications for theories of particle acceleration, and we present our conclusions in°5.
OBSERVATIONS
In this section we discuss the observations of 3C 10 as well as the steps we have taken to ensure that the spectral indexes that we calculate are robust. The data analyzed in this paper were obtained from the Very Large Array (VLA). The 20 cm data acquisition and initial analysis were presented by Reynoso et al. (1997) . Their observations were at 1375 and 1635 MHz with all four conÐgurations of the VLA during 1994È1995. The 90 cm observations and analysis are new and are discussed below. Figure 1 shows the total intensity image of 3C 10 at j \ 20 cm, smoothed to an e †ective resolution of 9A .52 so as to agree with that of the j \ 90 cm obser-] 7A .65 vations (see below).
2.1. j \ 90 cm The 90 cm observations are the combination of four observing sessions at the VLA, with the array in three di †erent conÐgurations. Table 2 summarizes these observations. In all observations, dual circular polarization was recorded at a center frequency of approximately 333 MHz with a bandwidth of 2.5 MHz. The total time on source was 2.2 hr. The range of array conÐgurations means that our Ðnal image will be sensitive to angular scales from approximately 8A (the angular resolution of the A conÐguration) to approximately 30@ (the largest angular scale for the C conÐguration).
Initial calibration followed standard procedures within the Astronomical Image Processing System (AIPS). The primary Ñux density calibration was based upon 3C 48, 3C 147, and 3C 286, whose Ñux densities were taken to be 42. 47, 53.65, and 26.34 Jy, respectively. Phase calibration was accomplished with frequent observations of 3C 123 and 3C 380. The visibility data from each observing session were calibrated independently, then combined before beginning the imaging procedure. The hybrid mapping described below incorporated 10È15 passes of self-calibration, both phase-only and phase-and-amplitude.
A conventional two-dimensional inversion of the threedimensional visibility function, as measured by a noncoplanar (i.e., nonÈeast-west) array like the VLA, introduces phase errors in the image plane that increase with distance from the phase center. The "" three-dimensional ÏÏ problem becomes severe at long wavelengths where the primary beam is large and contains hundreds of discrete sources that must be properly deconvolved to achieve thermal-noiseÈ limited or classical-confusionÈlimited images. Cornwell & Perley (1992) developed a polyhedron algorithm in which the three-dimensional "" image volume ÏÏ is approximated by many two-dimensional "" facets.ÏÏ This algorithm and similar ones now exist within commonly used astronomical imaging packages (AIPS and SDE) with their only limitation being their computational expense. The results presented in this paper were generated within the SDE polyhedron imaging algorithm "" dragon,ÏÏ whose code was ported to an SGI Origin 2000 computer available within the Department of Defense High Performance Computing Modernization Program.
We used two iterations of polyhedral faceting to produce our Ðnal image. In the Ðrst iteration, we imaged the entire primary beam (156@ FWHM) at a low resolution (B20A, comparable to the resolution of the B conÐguration VLA). We used this low-resolution "" Ðnder ÏÏ image to identify all sources brighter than 20 mJy beam~1 (B6 p) in the primary beam. We also identiÐed all sources from the 4C catalog whose primary-beamÈattenuated sidelobes were larger than 10 mJy beam~1 within the Ðeld of view. A total of 81 sources, including 3C 10, were identiÐed.
In the second iteration, a small region around each source was imaged at the limiting angular resolution inherent in the visibility data (B8A). Restricting the facets to be only slightly larger than a source exploits the fact that the radio sky is mostly dark. It also obviates the pixellation of the entire primary beam at this high resolution, a task that remains computationally intensive.
After this second iteration, all identiÐed sources except 3C 10 were subtracted from the visibility data. The visibilities in this subtracted visibility data set will be dominated by 3C 10, though there will be a contribution from weaker sources we have not identiÐed. Sources not identiÐed have peak brightnesses less than 20 mJy beam~1. The majority of the features that we identify within 3C 10 have mean brightnesses greater than 20 mJy beam~1. Thus, the sidelobes from any weak source are unlikely to corrupt our identiÐcation of any features within 3C 10 or measurements we make on them. Figure 2 shows our Ðnal image of 3C 10 that was produced from this subtracted visibility data set. We estimate that the thermal-noise limit in our combined-conÐguration image is 0.88 mJy beam~1 ; the actual o †-source rms level is 0.9 mJy beam~1.
Matching Observations
Because the observations at the two wavelengths of 3C 10 were not conducted simultaneously, we took a number of steps to ensure that the spectral indexes determined are robust.
First, determining accurate spectral indexes requires an accurate determination of the remnantÏs Ñux density at both wavelengths. For an interferometerÈlike the VLAÈthe Ñux density measured depends upon the length of the shortest baselines used, i.e., the smallest spatial frequency sampled. Furthermore, the 20 cm data have an intrinsically higher angular resolution than the 90 cm data. In order to ensure that we are comparing the same angular scales at both frequencies, we speciÐed that the same minimum baseline length was used in producing the Ðnal images at both wavelengths. The largest angular size to which the images are sensitive is approximately 23@. We then smoothed the j \ 20 cm image to a resolution of in order to 9A .52 ] 7A .65 match the resolution of the 90 cm observations. Second, there could be a positional o †set between the observing wavelengths. Though the j \ 90 cm Ðeld of view contains many isolated point sources, none of these are within the j \ 20 cm Ðeld of view. Slightly south of 3C 10, there is a moderately resolved source, B0022]637. This source was aligned on our two images. As a further check for any o †sets across our images, we examined the a t \ [0.46 tomography map (°3) because this map best represents the spectral index of the source as a whole and should therefore have the lowest rms. We produced a series of these tomography maps in which the j \ 90 cm image was shifted in right ascension and declination, and we determined the shift that produced the lowest rms. Third, the 20 and 90 cm data were acquired at di †erent times, and the 90 cm data were themselves acquired over an interval of almost 2 yr. In that time, 3C 10 expanded on average by approximately 0.2%. Similar to our procedure above, we produced a series of tomography a t \ [0.46 maps in which the 90 cm image was expanded uniformly by small amounts. An expansion of 0.263% produced the smallest rms in this tomography map and is therefore the expansion that we adopted.3 Again, this procedure tends to reduce any spectral variations. However, as Reynoso et al. (1997) found, Tycho is not expanding symmetrically. In order to test for any e †ects of asymmetric expansion on our spectral index determinations, we considered separately each of the Ðve sectors Reynoso et al. (1997) identiÐed as having a relatively uniform expansion. For each sector we tested four di †erent amounts by which that sector had expanded between the epochs of the 20 cm and 90 cm obser-3 A bias can occur when the spectral indexes are determined visually, but the rms is then insensitive to this bias. vations : no expansion, 0.113%, 0.263%, and 1%. For each sector-expansion amount combination, we compared the Ñux density and spectral index in annuli as a function of distance from the center of the remnant. We took the center of the remnant to be the expansion center identiÐed by Reynoso et al. (1997) . Even an unlikely expansion of 1% would change our results marginally for the outermost regions of the source. We found that our results below are insensitive to any further corrections for expansion.
Finally, using the aligned images, we checked for a possible Ñux density calibration bias by plotting the 90 cm data against the 20 cm data. An extrapolation back to zero Ñux density at one wavelength should correspond to zero Ñux density at the other wavelength, otherwise there exists a zero-point o †set (e.g., Katz-Stone, Rudnick, & Anderson 1993) . We found a ]0.5 mJy beam~1 o †set for which we corrected. However, in addition to this global o †set, there appear to be additional o †sets ranging from a few to as high as 8 mJy beam~1 in the inner 100A of the remnant. We are unable to make further corrections, and, as discussed below, this will make interpretation of our results in these regions ambiguous.
Both of our images ( Figs. 1 and 2) show a number of similar characteristics : 1. A limb-brightened shell structure ; 2. Brightness enhancements along the northern and eastern rims ; and 3. Several Ðlaments of enhanced brightness in the interior of the remnant (Fig. 3) .
The interior Ðlaments tend to be elongated along the northsouth axis. These Ðlaments were originally identiÐed in the tomography gallery as explained below, but a careful inspection of the total intensity images also reveals these Ðlaments.
SPECTRAL INDEX OF 3C 10
Our objective is to search for variations in the shape of the radio synchrotron spectrum across 3C 10. The presumption is that changes in the shape of the spectrum signal changes either in the strength of the acceleration process or in the acceleration process itself, either currently or earlier in the evolution of the blast wave. We begin by determining the spectral index as a function of distance from the center of the remnant. We then search for Ðner-scale variations in the spectral index, using the technique of spectral tomography (Katz-Stone 1995 ; Katz-Stone & Rudnick 1997a , 1997b . Figures 4, 5, 6, 7, and 8 show the Ñux density at j \ 20 cm and j \ 90 cm as a function of distance from the expansion center for each of the Ðve sectors identiÐed by Reynoso et al. (1997) . Each point was derived by integrating the brightness at j \ 20 cm and j \ 90 cm over a 10A annulus. The uncertainties are the o †-source noise level reduced by the square root of the number of independent points (i.e., the number of beams) in each annulus. At 90 cm, these Ðgures show a bright limb component that peaks between approximately 55 and 70 mJy and one or two inner components that peak between 20 and 40 mJy. At 20 cm the sectors show the same general features, though at lower Ñux density levels. In general, the spectral indexes are constant within the errors, except for a slight tendency for regions of lower Ñux density tend to have Ñatter spectral indexes. However, since the lower surface brightness regions are in the inner part of the source, where we have found evidence for an additional o †set between the two wavelengths (°2), we cannot con-FIG. 3.ÈFilaments identiÐed in the interior of 3C 10. Their locations are shown on the total intensity 20 cm image (Fig. 1) . Figures 4È8 are sufficient to show the gross structure of the Ñux density distribution within the remnant. However, the interferometric data have a much higher angular resolution, and Ðner-scale structureÈshould it existÈcould be detected. In order to probe for Ðne-scale spectral index changes inside the remnant, we have used a spectral tomography method.
Spectral tomography involves making a gallery of tomography maps in which each tomography map is The tomography map can be used to determine I t (overlapping) regions having di †ering spectral indexes. However, the spectral indexes so determined can be biased by any (remaining) Ñux density o †set between images at the two wavelengths. In order to avoid a bias in our determination of the spectral indexes, we used a s2 minimization technique. We deÐne the s2 as
Here, j) is the o †-source rms noise level propagated p t (i, through to the tomography map, is the average over SI t (a t )T a small region in the tomography maps, and the sum is over pixels in that region. Using spectral tomography, we have identiÐed 13 bright, Ðlamentary features and Ðve relatively Ðlament-free ("" background ÏÏ) regions. Figure 3 shows the 13 bright fea-turesÏ locations on a total intensity image, and Tables 3 and 4 tabulate relevant parameters for the Ðlaments and "" background ÏÏ regions, respectively. The spectral indexes in Tables 3 and 4 were determined by Ðnding the tomography map that minimized the s2 for that region. The errors represent the 1 p conÐdence of that minimization. In addition to the spectral index of each Ðlament, we have determined its central position, j \ 20 cm Ñux density, and distance from the center of the remnant. We took the central point for each Ðlament to be its midpoint in each direction. We take the distance from the center of the remnant to be the straight-line distance between the remnantÏs center and the ÐlamentÏs center. Isolating the ÐlamentsÏ Ñux density from the background component proved difficult. We attempted Gaussian Ðts for slices across the Ðlaments, but there are too many parameters to provide a reliable Ðt. Instead we averaged the brightness at 20 cm in the regions indicated in Figure 3 . This clearly overestimates the Ñux density, the implications of which we will discuss below.
Although the individual regions are quite distinct, the average spectral index between the background regions and Ðlaments is the same. The spectral index for the background regions of the source has an average value of SaT \ [0.52^0.02, while that of the Ðlaments is SaT \ [0.500^0.007. These average values were determined by Ðnding the map that minimized s2 for all of the background regions or Ðlaments simultaneously.
The Ðlaments themselves show a general trend of increasing Ñux density with distance from the center, but no overall change in spectral index with either Ñux density or distance from the remnantÏs center ( Figs. 9, 10, and 11) . Assuming that the background component has a Ñat or decreasing brightness proÐle, then any contamination in our determination of a ÐlamentÏs Ñux density by the background com- ponent would become less severe with increasing distance. In these cases, the general trend between Ñux density and distance may actually be stronger.
While the full set of Ðlaments does not show a correlation between spectral index and Ñux density, those Ðlaments in the outer ring (A, D, E, F, I, J, K, L, and M, shown as Ðlled squares in Fig. 11 ) do show a signiÐcant correlation : correlation coefficient of 0.81 with a signiÐcance level of 99%. Figure 11 shows that, for these outer Ðlaments, brighter Ðlaments tend to have a Ñatter spectral index. However, this trend is highly dependent upon Ðlament I, which is the brightest and Ñattest spectral index Ðlament.
To summarize our results, we have found that (1) a number of regions with somewhat di †erent spectral indexes, "" Ðlaments,ÏÏ exist within 3C 10 ; (2) the average spectral index of the Ðlaments and the background component is consistent ; (3) the brightest Ðlaments tend to be in the outer region of 3C 10 ; (4) in general, the spectral indexes of the Ðlaments do not show a trend with Ñux density or position ; and (5) however, the spectral indexes of Ðlaments in the outer rim do show a correlation such that bright Ðlaments tend to have Ñatter spectral indexes.
DISCUSSION
In general our results support the role of Ðrst-order Fermi acceleration in Tycho. The Ðrst-order Fermi mechanism for a strong shock predicts a spectral index of [0.5 (Bell 1978 ; Eilek & Hughes 1991) , which is consistent with our average results for both the background component and the Ðlaments. Further, for Mach numbers greater than approximately 5, the spectral index should not vary by more than about 0.1 (e.g., Blandford & Eichler 1987) , which is also consistent with our results.
Previous observations of the synchrotron spectrum of 3C 10 have not reached a consensus on whether spatial variations exist in the spectral index (Kundu & Velusamy 1971 ; Roger et al. 1973 ; Duin & Strom 1975 ; Klein et al. 1979 ; Vinyaikin et al. 1987 ). Indeed, one of the motivations for conducting the 90 cm observations with the VLA was to obtain higher resolution images to address the question of spectral index variations within the remnant. Using spectral tomography, we have found that a number of distinct regions with di †erent spectral indexes, "" Ðlaments,ÏÏ can be identiÐed within 3C 10. Close inspection of a highresolution, j \ 6 cm image presented by Duin & Strom (1975) reveals that a number of these Ðlaments, Ðlaments E, I, J, L, M, and possibly B, were detected, though those authors did not mention them explicitly.
In addition, we Ðnd that the brighter Ðlaments are in the outer regions and may have a slight trend with spectral index such that brighter Ðlaments have Ñatter spectral indexes ; this is epitomized by the brightest and Ñattest spectral index Ðlament, Ðlament I. These trends may help to determine details of the acceleration mechanisms. However, with images at only two frequencies, we can only suggest various hypotheses that could explain the existence of the Ðlaments and the trends we have detected. These hypotheses divide naturally into two categories : SNR blast waveÈ ambient medium interactions or internal inhomogeneities of the magnetic Ðeld within the SNR.
Collisions between the SNR blast wave and the interstellar medium will both increase the Ñux density and Ñatten the spectrum if the shock begins to become radiative locally (Jones et al. 1998 ). This mechanism would tend to produce Ðlaments more efficiently in the outer regions of the remnant, thereby explaining the trend of increasing Ñux density with increasing distance from the remnantÏs center. That the Ðlaments are most numerous in the outer portions of the remnant is modest support for this possibility.
It is also suggestive that there are more Ðlaments on the eastern edge of 3C 10 than on the western edge. The eastern side of 3C 10 is expanding more slowly than the western side (Reynoso et al. 1997) , an asymmetry that Reynoso et al. (1999) attribute to high-density H I found only on the eastern edge of the remnant. Further, the Ñattest-spectrum Ðlament (Ðlament I) is in sector II of Reynoso et al. (1997) È the most slowly expanding sector. The interaction between the expanding blast wave and a high-density ambient medium would generate radiative shocks with stronger postcompression shock densities and magnetic Ðeld strengths. Powerful support for this hypothesis that Ðlaments indicate radiative shocks is the detection of optical emission from Ðlament I by Kamper & van den Bergh (1978) .
An alternate scenario for the observed spectral variations within 3C 10, involving internal inhomogeneities, is a curved electron energy spectrum observed in various magnetic Ðeld strengths. A detailed analysis of SNR HB 9 has shown that this is a reasonable scenario for the outer regions of that remnant (Leahy et al. 1998 ). If the electron energy spectrum hardens at lower frequencies ("" concavedown ÏÏ), regions in which the magnetic Ðeld is higher than the surroundings will both appear brighter and have a Ñatter spectrum than the surroundings. A concave-down spectrum is consistent with the Galactic synchrotron background, which breaks around 100 MHz (Longair 1994 and references therein), or may be due to locally accelerated electrons with a curved energy spectrum. In either case, regions in which the magnetic Ðeld is stronger would appear both brighter and with a Ñatter spectrum.
There is some evidence that the magnetic Ðeld is stronger in the outer region of Tycho. Heavens (1984) Èwho presented a Sedov solution for particle acceleration in 3C 10È argued that the extremely limb-brightened radio images must be explained by variations in the magnetic Ðeld, spe-ciÐcally, a limb that is dominated by Ðlaments having a higher magnetic Ðeld. While this suggestion is intriguing, to determine whether the Ñat spectrum we see for the brightest Ðlament (Ðlament I) is due to a curved synchrotron spectrum in a strong magnetic Ðeld, we would need a solid estimate of the magnetic Ðeld throughout the SNR and the shape of the spectrum.
With observations at two frequencies, we cannot determine whether the synchrotron spectrum has the requisite concave-down (curved) shape. However, there is some ambiguous evidence that counters this scenario.
The integrated spectrum between 10 and 2000 MHz appears to be concave-up (Braude et al. 1970 ; Roger et al. 1973 ). The integrated spectrum peaks at 18 MHz and hardens above a few hundred MHz. Roger et al. (1973) Reynolds & Ellison (1992) used a nonlinear shock calculation of Ðrst-order Fermi acceleration to generate model synchrotron spectra. They Ðnd excellent agreement with the integrated spectrum of 3C 10 if the synchrotron spectrum is concave-up. In contrast, Vinyaikin et al. (1987) Ðnd that the integrated spectrum in this same frequency range is a power law with a single spectral index a \ [0.61^0.03. Further high-resolution, highÈdynamic range observations at three well-spaced frequencies would be useful in clarifying the shape of the spectrum at each position in the source (Katz-Stone et al. 1993) .
As a Ðnal note, recent observations and analysis of the SNR Cas A have been interpreted with spatial variations in the spectral index being due to power laws of di †erent slopes rather than a single curved spectrum (Wright et al. 1999) . These authors concluded that the strength of particle acceleration varies across Cas A. Without a conclusive determination of the shape of the synchrotron spectrum, we cannot eliminate this possibility in 3C 10.
Most of this discussion has focused upon the moderate correlation between spectral index and Ñux density that is seen in the outer Ðlaments (primarily Ðlament I). The total set of Ðlaments does not show this sort of correlation. For example, Ðlaments B and C have nearly the same Ñux density, but di †erent spectral indexes (Fig. 11 ). This is similar to the results found for "" younger ÏÏ remnants. They concluded that two unrelated mechanisms are responsible for the spectral index and Ñux density. While the spectral variations we report here are small, our conclusion is similar to .
CONCLUSION
We have carried out a sensitive, high-resolution, radio spectral index study of 3C 10 (TychoÏs SNR) between 20 and 90 cm. Previous spectral index studies of supernova remnants in general, and this remnant in particular, have been limited by the poor image Ðdelity and angular resolution of the low-frequency images. We have used a polyhedral-faceting imaging algorithm to produce a thermal-noiseÈlimited j \ 90 cm image of 3C 10, thereby improving signiÐcantly the accuracy and precision of the spectral indexes we derive.
We Ðnd localized spatial variations in the continuum spectrum that must be explained in context of the acceleration process responsible for generating the synchrotronemitting relativistic electrons. In particular, we Ðnd that Ðlaments in the outer regions of 3C 10 show a trend between Ñux density and spectral index.
With images at only two frequencies, we cannot distinguish between various mechanisms that might produce the trend we observe in these Ðlaments. Competing mechanisms include SNR blast waveÈambient medium interaction and internal inhomogeneities of the magnetic Ðeld within the remnant. On the eastern edge of the remnant, the Ðlaments are most numerousÈsuggesting regions where the blast wave is interacting with the cooler, clumped, preexisting structures in the circumstellar or general interstellar medium environment of the progenitor star. Some support for this scenario is provided by the detection of optical emission from the brightest Ðlament, Ðlament I, indicating that it may be a radiative shock. Alternatively, a single electron energy spectrum can explain the observations if it hardens at lower frequencies (i.e., its shape is concave-down) and if the brighter Ðlaments have higher magnetic Ðeld strengths.
Of course, some combination of these two mechanisms might also be operative. For instance, the Ðlaments might trace radiative shocks at the blast waveÈambient medium boundaryÈwith naturally higher compression ratios, densities, and magnetic Ðeld strengthsÈwhich themselves are immersed in a curved electron energy spectrum.
A high-Ðdelity image made at a third frequency could test the hypothesis of an underlying curved electron spectrum. The new 74 MHz (j \ 4 m) system at the VLA is now capable of providing subarcminute-resolution, highsensitivity (less than 25 mJy) images of supernova remnants including 3C 10. Furthermore, simultaneous 90 cm data are obtained (Kassim et al. 1993 ), allowing compensation for any time variations within the remnant. Concurrent j \ 18 cm or j \ 20 cm VLA observations could then be used to test the curved electron spectrum hypothesis.
